Copepods are excellent live feed for marine fish larvae in aquaculture. Culturing copepods at high density is important to increase the total egg yield, but this is still a main challenge. To address this, we conducted experiments to test factors affecting the egg harvest potential of the well studied and aquaculture relevant calanoid Acartia tonsa. A simple model was developed to evaluate the influence of individual egg production, egg predation, crowding effects and tank design on the egg harvest. At high densities from 500 to 3500 ind L −1
I N T R O D U C T I O N
The interest in the use and cultivation of copepods as live feeds in marine fish larvae culture has been growing since the 1980s (Støttrup, 2003; Schipp, 2006) . Marine copepods, especially calanoids, have been proven to be excellent food for many cultured marine fish larvae (Payne and Rippingale, 2000; Marcus, 2005) compared to traditional live prey such as Artemia or rotifers. The superiority of copepods is mainly due to their small size, swimming behavior, high digestibility and adequate nutritional value (Ajiboye et al., 2011) . However, the utilization of copepods in aquaculture hatcheries is still limited mainly because of the difficulty in achieving high density copepod cultures (Støttrup, 2003; Ajiboye et al., 2011; Drillet et al., 2011) .
The high culture density might negatively affect copepod performance by reducing water quality due to accumulation of metabolic products, the rapid reduction of food resources, the physical interactions between the copepod individuals, and the occurrence of egg cannibalism (Støttrup and Norsker, 1997; Drillet et al., 2014 Jepsen et al., 2015) . Consequently, the survival, development time and fecundity of copepods may be affected negatively. The survival of Acartia tonsa is not affected at culture densities up to 5000 ind L −1 , but development may be delayed (Medina and Barata, 2004) and egg production may be reduced compared to lower densities (Medina and Barata, 2004; . Since eggs are the end product of a system, ensuring maximal egg harvest yield is of interest for the aquaculture industry. reported an optimal daily egg harvest in A. tonsa cultures at an adult density of ca. 2500 ind L −1
. It is important to note that in , copepods at the higher density (above 2500 ind L −1 ) were not fed ad libitum and food limitation rather than other factors may have defined the optimal density for egg harvesting in their experiments. Drillet and Lombard (2015) developed a somewhat complex model to evaluate the effects of instantaneous rates of feeding, egg production and egg cannibalism on egg harvesting in simulated copepod cultures using a variety of environmental conditions (temperature, copepod density, depth of the culture tank) as forcing variables. Their model contained variables such as total number of eggs cannibalized per day that are difficult to quantify, which motivates us to develop a more transparent model with measurable parameters. The specific aim is to evaluate the possible factors such as food ingestion and egg cannibalism which most likely affect the egg yield achieved by the A. tonsa culture as a function of copepod densities. Here, we experimentally quantify model parameters (egg production indirectly via food ingestion and egg clearance rate) and use the experimental data and the model to evaluate the effect of culture density on egg harvest in A. tonsa.
M E T H O D Modeling egg harvesting as a function of copepod density
We developed a simple model to estimate egg harvesting as a function of copepod density to explore and identify the factors constraining productivity, i.e. egg cannibalism, crowding effects (stocking density) and properties (depth) of the culture tank. The model is parameterized with experimental data from our own (see below) and from previous studies for A. tonsa at a temperature of 20°C, salinity 31 ppt, and the flagellate Rhodomonas salina offered ad libitum.
Assume a culture tank of height h with a concentration, C, of female copepods (ind L −1 ), a 1:1 sex ratio, a female egg production rate, α (eggs ind
, all eggs produced in the surface of the tank), an average egg clearance rate β (L ind
) of males and females, and an egg sinking velocity v (m day
−1
). We harvest the tank for eggs every 24 h (i.e. before any egg hatches), and assume that at time t = 0 the concentration of eggs E is 0.
The change over time in concentration of suspended eggs can be described mathematically as
where αC is the egg production rate α produced by C females; βCE 2 is the loss of eggs due to grazing (the factor of two accounts for both male and female grazing); and δ = v h is the specific rate at which eggs settle on the bottom of the tank. The concentration of suspended eggs now varies according to
The flux of eggs to the bottom of the tank is the concentration of eggs multiplied by their specific sinking rate, delta E δE(t). We can harvest the eggs from the bottom, and so at time t (<egg hatching time), the number of eggs we can harvest, H(t), is found by integrating equation (3):

Plus the eggs still suspended (equation (2)). Alternatively, if we do NOT harvest the suspended eggs at every harvesting event, then the concentration of suspended eggs reaches equilibrium at = dE dt 0, yielding:
where λ is the specific egg hatching rate (=1/egg hatching time (day −1 )). Egg harvesting at the bottom of the tank at each harvesting event is then δ ⌢ E T , where T is the egg harvesting time interval and should be less than the egg hatching time.
For each case, one can see that egg harvesting is a saturation function of copepod concentration, similar to that observed by . For the two harvest scenarios, the maximum harvest rate at high copepod concentration (eggs per time per volume) is either
Max Max depending on whether or not suspended eggs are collected at each harvesting event, respectively, as long as the harvest interval is less than the egg hatching time. Thus, the egg harvest from the cultures is depended on specific egg production (α), egg cannibalism (β) and egg sedimentation rate (δ = v/h), which in turn depends on sinking velocity (v) and tank depth (h). Crowding effects are likely to mainly influence egg production rate and, potentially, egg cannibalism. However, to the best of our knowledge, there is no study reporting estimates of the specific egg production and egg clearance rate of A. tonsa under high densities conditions. Therefore, we conducted experiments providing these data for the model. The parameters used are determined below and summarized in Table I . Assuming that the female: male ratio is 1:1 and the average clearance rate of male and female copepods is β. The concentration of copepods (including females and males) will be 2 C (ind L −1
) and the loss of eggs due to copepod consumption will be 2β. The egg clearance rate β will be corrected for the average sizes of copepod females and males (Table I) .
v is sinking velocity of the eggs (m day
) which is varied from 13-24 m day −1 (Miller and Marcus, 1994) with no turbulence in the water column (Table I) .
Specific egg production (α, eggs ♀ −1 day −1
) was estimated based on the relationship between specific growth rate (SGR) and specific ingestion rate (SIR) reported by Berggreen et al. (1988) .
In female copepods, SGR is transferred solely into egg production as they do not undergo somatic growth.
W F is the carbon weight of the female (ng ind
) and W E is the carbon weight of an egg = 45.7 ng egg −1 (Kiørboe et al., 1985) .
Based on equations (6 and 7), the specific egg production of A. tonsa at high density can be estimated indirectly based on the experimentally provided SIR.
Experiments for quantifying the model parameters Biological materials for the experiments Experimental animals were supplied from the continuous culture of A. tonsa (strain DTH-ATI) kept at the Centre for Ocean Life, National Institute for Aquatic Resources, Technical University of Denmark (Støttrup et al., 1986) . The A. tonsa cultures were grown in ca. 500 L flat bottom tanks (150 cm high and 66 cm in diameter) filled with ca. 450 L of 1 μm filtered natural , Berggreen et al. (1988) ; The average weight of female copepods were used to convert to the egg production rate and egg clearance rate of the copepods Male cephalothorax length 709 ± 20 μm (n = 30) Equivalent to 2343 ± 189 ng C ind −1 Berggreen et al. (1988) seawater (FSW), salinity 30-32 ppt (Krause et al., 2017) in a dark walk-in climate room 20 ± 1°C. Each culture was gently aerated with atmospheric air to the bottom of the tanks via a glass pipette. The copepods were fed ad libitum with a mono algal diet of the cryptophyte Rhodomonas salina (500 μg C L −1
, Berggreen et al., 1988) . The eggs were syphoned three times a week from the bottom of the tank through a 120 μm sieve, cleaned with 0.22 μm FSW (30-32 ppt), collected on a 60-μm sieve. The eggs were put in 15 mL centrifuge tubes fully filled with autoclaved 0.22 μm FSW (30-32 ppt) and stored in the refrigerator at 2-4°C for later use.
Experiment 1: Estimating SIR as a function of copepod density
Copepods (mainly comprised of adults and late copepodite CIV-CV stages) used for the experiment were collected from the cultures using a 320 μm mesh sieve. These animals were subsequently transferred to a 100 L tank with 1 μm FSW and starved for 36-48 h prior to the experiment to eliminate the eggs produced by the females during the experiment.
A stock suspension of known and very high copepod density was sequentially diluted into 500 mL experimental bottles to achieve the desired densities. The bottles were enriched with algal growth B1 medium (1 mL L −1 of FSW, (Hansen, 1989) ) to prevent nutrient limitation by the algae during the experiment. Algae, R. salina, were added to the bottles at the desired concentration, and the bottles were then rotated (0.5 r.p.m) on a plankton wheel at 20°C. Grazing rates were estimated from changes over time in algal concentration, as detailed below.
To ensure that the feeding rate was constant with time, a preliminary experiment was carried out to test whether the feeding rate of copepods on algae changed over the incubation time (Experiment 1.1). Copepods were incubated with R. salina as in Table II . The high concentration of algae (4 300 μg C L ) was used to ensure that the final algal density after the longest incubation time (24 h) was still within the range of saturating algae concentration for maximal ingestion rate of A. tonsa (>500 μg C L −1 (Berggreen et al., 1988) ). The ingestion rate of copepods was determined at six different time intervals (four replicates) including 2, 4, 6, 8, 10 and 24 h. To correct for the algal growth during the incubation time, the control treatment (four replicates) with only algae at the same concentration was incubated for 24 h under the same conditions. After incubation, the copepods from each replicate were filtered onto a 200 μm mesh sieve and two subsamples of algae were extracted (5-10 mL). The copepods and algae samples Experiments to examine the algal ingestion rate by A. tonsa as a function of copepod density (Experiment 1.2.) were carried out with a similar procedure as in Experiment 1.1. The copepods were incubated with a range of densities as in Table II . The copepods were transferred to the 500 mL Pyrex glass bottles prefilled with 0.2 μm FSW containing the algae at saturation concentration for copepod growth. The copepods were incubated under similar conditions as in Experiment 1.1 with the incubation time varying from 1.5 to 24 h depending on the incubated copepod density with the shorter incubation time for the higher copepod density. The different incubation times were established to ensure an appropriate algal reduction of <50% at the end of the experiment such that the final algae concentration was still in the range of saturated algae concentration for maximal ingestion rate of A. tonsa.
At the end of the incubation time, the copepods were collected on a 200 μm mesh sieve and two subsamples of algae were extracted (5-10 mL). The copepods and algae samples were fixed in 1-2% acidic Lugol's solution in 25 mL glass vials for later counting.
The control bottles without copepods as predators (four replicates) were run to determine the algal growth rate. The clearance and ingestion by copepods on algae were quantified based on equations from Frost (1972) .
Experiment 2: Egg clearance rate as a function of copepod density
To avoid possible effects of eggs produced by adult females during the incubation, we colored the eggs being introduced as prey before the experiment. Cold stored eggs were cleaned on a 60 μm mesh sieve and transferred to a 250 mL Pyrex glass bottle filled with 150 mL of 0.2 μm FSW (5°C) and 10 mL of Rose Bengal (0.1-0.2%). The eggs were mixed gently on a stirring device at very low speed for 36-48 h in a refrigerator at 5°C.
Experiment 2.1: Testing the effect of the Rose Bengal solution on the quality of the eggs
To ensure that the Rose Bengal did not affect the quality of the eggs, we examined the differences in the hatching success (HS) between the fresh (non-colored) eggs and the Rose Bengal colored eggs. The HS experiment was conducted using three different egg batches: fresh eggs (7 replicates), 1 week cold stored eggs (3 replicates) and 1-2 month cold stored eggs (4 replicates). The copepod eggs from each batch were divided into two equal portions (i) non-colored; (ii) colored by Rose Bengal. The eggs were kept in the same refrigerator before the hatching experiment. Subsamples of the two different types of eggs were transferred to 10 mL plastic petri-dishes and incubated in a climate room at 20°C with dim light. The eggs were allowed to hatch for 24 h before being fixed with acidic Lugol's solution (1-2%). The un-hatched eggs and the nauplii were counted under the microscope to estimate the HS of the eggs.
Experiment 2.2: Effect of staining on egg cannibalism
To ensure that the use of eggs colored by Rose Bengal did not affect the resulting feeding rate of A. tonsa, a full factorial experiment was carried out to test the difference in the feeding rate of copepods with two different types of eggs (non-colored vs. colored eggs) and two algae conditions (without and with algae) with four replicates as summarized in Table II . After 24 h incubation on the plankton wheel (0.5 r.p.m.), the experiments were terminated by gently filtering the content onto a 200 μm mesh sieve to collect the copepods and a 60 μm mesh sieve to collect eggs and nauplii (if any). The collected copepods were fixed in acidic Lugol's solution (1-2% final) whereas the eggs (including nauplii) were fixed in buffered formalin (5% final) for later counting. ) or with saturation of algae concentration at 1500 μg C L −1 for maximum ingestion rate. The copepods were incubated with a range of densities as in Table II with four replicates for each incubated density at each algal concentration. The duration of the incubation varied from 1 to 24 h among different copepod densities to guarantee the reduction in the egg concentration was <50% at the end of experiment. After incubation at 20°C (1-24 h) on the plankton wheel, the copepods and eggs were collected and fixed similarly as in the previous experiments.
Microscope observation and data presentation
In Experiment 1, the R. salina concentrations were counted using a 1-mL Sedgewick Rafter counting chamber with an inverted microscope (Nikon TMS and Olympus CKX31) at 100× magnification. The algal samples were diluted 3-6 times whereas a minimum of 400 cells were counted in all samples.
In Experiment 2, the number of copepods and eggs (including nauplii) was counted using a dissecting microscope (Reichert) at 12-25× magnification. The whole sample of copepods and eggs (including nauplii) were counted when they contained <400 individuals. With the high abundance samples, the subsampling was done ensuring at least 400 individuals were counted from each sample. After counting the eggs, the clearance and ingestion rate on eggs by the copepods were quantified from the disappearance of eggs based on Frost (1972) .
In each experiment, subsamples (3-12 replicates) of at least 30 individual copepods were used to measure the prosome length after being photographed by a Nikon camera mounted on a dissecting microscope (Nikon SMZ18, Tokyo, Japan). Measurements were made using NIS Elements Basic Research software v. 4.2 (Nikon, RAMCON A/S Birkerød, DK). The length of female (n = 30) and male (n = 30) copepods were also measured. Based on the prosome length, the faction of different developmental stages (female, male and copepodite IV-V stages) used in each experiment was also determined.
The prosome lengths of copepods were converted to carbon weight using the regressions by Berggreen et al. (1988) . The data on the clearance rates and ingestion rates in all of the experiments were re-calculated and represented in all of figures per individual for a copepod with average carbon weight of female and male.
Statistical analysis
In the algal feeding experiment (Experiment 1.2), clearance rate and ingestion rate were compared by one-way ANOVA with copepod density as the fixed factor. Oneway ANOVA was also employed to test the difference in HS of the two different types of eggs (Experiment 2.1). In the feeding experiment on two different types of eggs (Experiment 2.2), the clearance rate and ingestion rate was subjected to two-way ANOVA with types of eggs and presence of algae as fixed factors. In the feeding rate experiment on eggs as a function of copepod density (Experiment 2.3), the clearance rate and ingestion rate were subjected to two-way ANOVA with copepod density and the presence of algae as fixed factors. Tukey tests were subsequently used to compare individual means across significantly different treatment levels. Prior running ANOVAs, data were checked for normality by ShapiroWilk's test, and the homogeneity of variances with Levene's test. Assumptions for ANOVAs were met except for Experiment 2.3, therefore, we log-transformed data as log(x+1) to meet the ANOVA assumptions. All tests on data were carried out using SAS v. 9.4 with α = 0.05.
R E S U L T S
Algal feeding rate by A. tonsa Experiment 1.1: Algal feeding rates vs. time
The clearance and ingestion rates of A. tonsa measured at different incubation time intervals (2-24 h) varied only slightly with no significant difference among incubations (ANOVA, P = 0.09 for clearance and P = 0.47 for ingestion, Supplementary A).
Experiment 1.2: Algal feeding rates vs. copepod density
The increase of incubation density of A. tonsa showed significantly negative effects on their estimated individual algal clearance rate (ANOVA, P < 0.0001, Fig. 1A , Fig. 1 . Algal clearance rate (A) and ingestion rate (B) by A. tonsa individuals (weight of 2800 ng C ind −1 ) measured as a function of copepod density from 20 to 3500 ind L −1 . The error bar is standard deviations of the mean (mean ± SD). Different letters (a) and (b) above the error bars denote the significant difference in clearance rate (Fig. 1A) or ingestion rate (Fig. 1B) between the different treatments.
Supplementary A) and ingestion rate (ANOVA, P < 0.0001, Fig. 1B, Supplementary A) . Specifically, the highest clearance rate was recorded at the lowest copepod densities of 20-100 ind L −1 whereas no further significant differences in the clearance rate were observed at copepod densities ≥500 ind L −1 (Fig. 1A, Supplementary A) . Similarly, the ingestion rate of A. tonsa was reduced at the high density and remained near constant at densities ≥500 ind L −1 (Fig. 1B, Supplementary A) . Noting that the clearance rate and ingestion rate were calculated per individual copepod with an average size of a female and male copepod which is 751 μm in length, equivalent to 2800 ng C in weight.
Egg clearance rate by A. tonsa Experiment 2.1: Effect of Rose Bengal staining on the quality of the eggs
The Rose Bengal staining did not show a significant effect on the HS of the eggs (ANOVA, P = 0.0637). Particularly, the HS of the non-colored eggs (339 ± 117 eggs, n = 14) was 48.1 ± 11.9% which was not significantly different from 41.1 ± 6.1% HS of the colored eggs (305 ± 88 eggs, n = 14). Experiment 2.2: effect of staining solution on feeding rate of A. tonsa
The clearance rates (ANOVA, P = 0.1899) and ingestion rates (ANOVA, P = 0.9035) did not depend on whether or not the eggs were stained (Fig. 2 A&B,   Supplementary A) . However, the presence of algae as alterative food significantly reduced the egg clearance (ANOVA, P < 0.0001) and ingestion rates (ANOVA, P < 0.0001) on both types of eggs of A. tonsa (Fig. 4 A  and B, Supplementary A) . The algal-induced reduction in egg clearance rate was slightly stronger in noncolored eggs, generating an interaction between the type of eggs and the presence of algae (two-way ANOVA, P = 0.0305, Fig. 2A ). There was no interaction of the presence of algae and egg types on the ingestion rate by A. tonsa (two-way ANOVA, P = 0.1061, Fig. 2B and Supplementary A).
Experiment 2.3: The feeding on eggs by A. tonsa as a function of copepod density
The feeding rate on eggs was influenced by both copepod density (ANOVA, P < 0.0001) and presence of alternative algal food (ANOVA, P < 0.0001) as well as the interaction between the two factors (ANOVA, P < 0.0001) (Fig. 3, Supplementary A) . Overall, the clearance rate and ingestion rate on eggs declined significantly with increasing density of copepods and with higher rates recorded in the absence of algae food (Fig. 3A, Supplementary A) . Particularly, the clearance rate on eggs was highest at the lowest copepod density of ca. 20 ind L −1 followed by the density of 100 ind L −1 whereas it was not significantly different when the copepod densities were above 500 ind L −1
. The presence of alternative food reduced the clearance rate and ingestion rate on eggs by A. tonsa at densities of 20 and Fig. 2 . The clearance rate (A) and ingestion rate (B) by A. tonsa individuals (weight of 2800 ng C ind −1 ) on the fresh (non-colored) eggs and the Rose Bengal colored eggs in the condition with and without algae. The density of copepods was 81 ± 10 (n = 8) and 68 ± 14 (n = 8) ind L −1 in the fresh and colored eggs experiments, respectively. The error bars are standard deviations of the mean (mean ± SD). Different letters (a) and (b) above the error bars denote the significant difference in clearance rate ( Fig. 2A) or ingestion rate (Fig. 2B ) between the different treatments. 100 ind L −1 but not at densities above 500 ind L −1 (Fig. 3A, Supplementary A) . The relationship between egg clearance rate and copepod density in the condition with algae as alternative food is described by:
where y is the egg clearance rate (mL ind
) and x is the copepod density (ind L −1 ). This equation (equation (9)) will be used to estimate the egg clearance rate at different copepod densities in the current egg harvest H(t) model (Eq. 3).
Egg harvesting as the function of copepods density Results from model runs of total egg harvest H(t) By running the model, the egg harvest was first estimated as a function of copepod density and variation in egg sinking velocity for a culture tank of 1.3 m depth (Fig. 4A) , assuming that the eggs were harvested every day and were not hatched during this time. The result showed that egg harvest increased as the increase of the copepod density and egg sinking velocity reaching the highest egg harvest around 60 000 eggs L −1 day −1 at the highest copepod density of 5000 ind L −1 and an egg sinking velocity of 17.7 m day −1 (corresponding to sinking loss δ = 15.4 day
). The loss of the eggs due to egg cannibalism and resuspension (defined by the difference between the potential egg productivity (α × C) and the eggs harvested (H(t)) on the bottom) also increased with copepod density (Fig. 4B) but decreased with the increase in sinking velocity. At high sinking velocity (less turbulence in the water column), the loss of the eggs due to cannibalism was <40%, however, up to 90% of the eggs can be eaten by copepods when the sinking velocity was low and the copepod density was high (Fig. 4B) . At a fixed egg sinking rate of 17.7 m day −1 (no turbulence in the culture water column), the eggs harvested declined with increasing depth of the culture tank (Fig. 4C) .
Fitting the independent data to the current egg harvest model
The data on total number of eggs harvested per liter and time unit from the previous independent experiment by and Franco et al. (2017) were described well by the current model with R 2 = 0.90 and R 2 = 0.97, respectively (Fig. 5) . In fitting the model, we assumed an egg production rate of 32 eggs female −1 day −1 . Estimated egg clearance rates from the model were 3.4 mL and 2.0 mL ind −1 day −1 for the two data sets, and the corresponding egg sinking velocities were 0.51 and 0.6 m day −1
. The egg clearance rates were of the same order of magnitude as measured in the current study, while egg sinking velocities were substantially less.
D I S C U S S I O N
The present study aims to develop a simple model for estimating the total egg harvest of A. tonsa production as a function of copepod densities that identifies the main  factors controlling egg harvest in a culture system. The main parameters affecting the egg harvest in the culture were estimated experimentally, and model predictions were compared with the observations by and Franco et al. (2017) . In the following, we discuss the individual parameters and the feasibility of applying models in intensive copepod production. The current model is also compared with the previous egg harvest model by Drillet and Lombard (2015) on the same copepod species and strain.
Individual ingestion and egg production as a function of copepod density
The harvest potential from a culture is proportional to the individual egg production rate (α) independent of harvesting strategy (e.g. equation (5)). The specific egg production of A. tonsa increases with the food concentration to a maximum equivalent to 45% body C day −1 at food concentrations above 1500 μg C L −1 (Kiørboe et al., 1985; Berggreen et al., 1988) . Therefore, it is expected that if the copepods are fed al libitum they will exhibit maximal specific egg production. Berggreen et al. (1988) and Kiørboe et al. (1985) reported the saturation food level for maximal ingestion rate (1.3 μg C μg C −1 day −1 ) or maximal specific egg production when the copepod culture density is low ca. 16-25 ind L , on average 1.6 day −1 at 20°C, is similar to that reported by Berggreen et al. (1988) and Kiørboe et al. (1985) , suggesting that A. tonsa has the potential to exhibit maximal specific egg production even at copepod densities ≥500 ind L −1 . Therefore, the estimated specific egg production (α) from equation (8) , corresponding to 32 egg female
The maximal SIR obtained at high densities ≥500 ind L −1 suggests that the copepods did not suffer from crowding effect, even in a dense culture in response to the ingestion rate on algae. This result agrees with the finding that none of the elevated densities of A. tonsa show significant change in swimming behavior, respiration rate, or stress gene expression level over 12 h at densities up to 10 000 ind L −1 (Nilsson et al., 2017) .
Egg clearance rate and cannibalistic potential
When we tested clearance rate of A. tonsa on noncolored and colored eggs (Experiment 2.2), there was an interaction of staining and algae on the clearance rate of the eggs, indicating that the algal-induced reduction in egg clearance was slightly stronger in non-colored eggs. This pattern was driven mainly by the higher egg clearance rate when there were no algae in the culture while the clearance rate of both type of eggs was similar when the copepods were fed ad libitum. Importantly, we only used the estimated clearance rate for the model based on the equation (9) in which the culture condition with algae fed ad libitum, a realistic copepod culture condition. The influence of microalgae presence on the egg predation rate is probably because A. tonsa can switch between filter feeding and raptorial feeding, which might have taken place to a certain extent. The nondifferential grazing on various eggs in A. tonsa found in the current study was similar with what has been reported by Bonnet et al. (2004) for Calanus helgolandicus females while feeding on their own fresh eggs or frozen eggs or eggs from other females. Many copepods are active cannibals, ingesting eggs and nauplii of their own and of other species (Bonnet et al., 2004) , and the harvest potential scales inversely with the rate at which the copepods clear their own eggs out of suspension and eat them (Eq. 5). Cannibalism in A. tonsa has also been observed and is one of the potential factors affecting the egg harvest of this species in aquaculture applications (Drillet et al., 2014) . In Drillet et al. (2014) , egg cannibalism was estimated using only male copepods in their experiment. However, in the production culture, there is a mixture of males, females and late copepodite stages CIV-CV while male copepods typically have lower grazing rates than females (Berggreen et al., 1988) . Our observations suggest that egg cannibalism is high at low concentrations of copepods and in the absence of food, but that cannibalism decreases dramatically in the presence of algal food and at high copepod concentrations, conditions that are typical for the realistic copepod cultures. This is in contrast to the model-estimate of egg cannibalism by Drillet and Lombard (2015) , where estimated losses due to egg cannibalism could reach >80% of the eggs produced daily when the copepod density was between 2000 and 5000 ind L −1 in tanks with depth >1 m (Drillet and Lombard, 2015) . At the same density and shallow depth tanks <1 m, the estimated egg harvest from the current model was ca. 2 times higher than that from the previous model (Drillet and Lombard, 2015) . Drillet and Lombard (2015) estimated losses due to cannibalism indirectly based on parameter estimates (volume scanned for eggs, the foraging time ratio, and the egg handling time), whereas it was measured directly and experimentally in our own study.
Sedimentation of eggs
The harvest potential is proportional to the sedimentation of eggs to the bottom of the tank (Eq. 5) and, hence, scales with sinking rate and inversely with tank depth. Fitting the model to the observations by and Franco et al. (2017) and assuming maximum egg production rate (Fig. 5) , yield estimates of egg cannibalism that are similar to those observed in our experiments, but estimates of egg sinking rates that are about an order of magnitude less those reported in the literature for eggs settling in stagnant water (Miller and Marcus, 1994) . This discrepancy is likely to be real and reflects the effects of mixing in the culture tank: turbulence will re-suspend eggs and lead to lower effective settling velocities, leaving eggs longer time in suspension, where they are subject to egg cannibalism. Also, longer time in suspension will lead to a larger fraction of the eggs hatching before collection and a consequential lower egg harvest rate.
This suggests that it is important to optimize the mixing in the water column, which has to be strong enough to keep the algae in suspension and available for copepod feeding as well as ensuring sufficiently high oxygen levels, but weak enough to minimize resuspension of the eggs. Egg and algal sedimentation to the bottom of the tank are regulated both through mixing and through the depth of the tank. The model and our results suggest that a subtle balance has to be achieved by modifying one or both of these parameters to secure the optimal egg harvest yield.
Limitation of the model
As the purpose of this study was to keep the model as simple as possible to simulate the egg harvest from a copepod culture, some limitations of the simplified model were unavoidable. In the model, the sinking velocity of the eggs was not estimated in relation to the mixing of the tank under realistic management conditions. In the production tanks mixing water is required to keep the feed algae in suspension and ensure high oxygen levels in the water column; thus the resuspension of the eggs from the bottom of the tank is to some extent unavoidable. Therefore, to improve the model, the relationship between the movement/the sinking rates of the eggs as a function of water mixing in the production tank should be studied further and eventually qualified in the model equation for total egg harvest.
C O N C L U S I O N S
The egg harvest potential in copepod cultures saturates at high copepod concentrations, but the magnitude of the harvest potential may be optimized. Our model identifies the three main factors affecting egg harvest potential in copepod cultures and quantifies their impact. The egg harvest potential scales directly with individual egg production and settling of eggs to the bottom of the tank, and inversely with egg cannibalism. Crowding effects may impact both the production of and cannibalism on eggs.
Our observations suggest that the copepod A. tonsa may slightly reduce both food consumption and egg production, but substantially increase egg cannibalism at high culture concentrations compared to ecologically relevant low concentrations in nature. However, within the culture-relevant range of densities, between 500 and 3500 ind L , there is no further reduction in performance, and food ingestion and hence egg production still appear to be near the maximum.
S U P P L E M E N T A R Y D A T A
Supplementary data are available at Journal of Plankton Research online.
A C K N O W L E D G E M E N T S
We would like to thank Uffe Thygesen (Technical University of Denmark) for mathematical assistance and Anne B. Faarborg, Rikke Guttesen and Nicolai Lond Frisk (Roskilde University, Denmark) and Jack Melbye (Technical University of Denmark) for laboratory assistance. 
F U N D I N G

